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ABSTRACT: Characterization of interactions between proteins
and other molecules is crucial for understanding the mechanisms
of action of biological systems and, thus, drug discovery. An BayeSi an - IIII As w
increasingly useful approach to mapping these interactions is :

measurement of hydrogen/deuterium exchange (HDX) using Residue Number

mass spectrometry (HDX-MS), which measures the time- Z=0
resolved deuterium incorporation of peptides obtained by

enzymatic digestion of the protein. Comparison of exchange e =00
rates between apo- and ligand-bound conditions results in a ~ Deprotection
mapping of the differential HDX (AHDX) of the ligand.

Residue-level analysis of these data, however, must account for experimental error, sparseness, and ambiguity due to overlapping
peptides. Here, we propose a Bayesian method consisting of a forward model, noise model, prior probabilities, and a Monte
Carlo sampling scheme. This method exploits a residue-resolved exponential rate model of HDX-MS data obtained from all
peptides simultaneously, and explicitly models experimental error. The result is the best possible estimate of AHDX magnitude
and significance for each residue given the data. We demonstrate the method by revealing richer structural interpretation of
AHDX data on two nuclear receptors: vitamin D-receptor (VDR) and retinoic acid receptor gamma (RORy). The method is
implemented in HDX Workbench and as a standalone module of the open source Integrative Modeling Platform.
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Decision-making in the development of drug molecules relies
on robust interpretation of subtle changes in biophysical

interactions over the entire protein.”'™"* This technique is
uniquely suited to probing larger, more complex systems that
are inaccessible to conventional methods, such as NMR

signals. Hydrogen/deuterium exchange (HDX) is one such
methods that reports on the lability of backbone amide
hydrogens, providing a qualitative measure of stability at
various sites in the system."” Increasingly, ligand binding to
proteins and protein—protein interactions has been quantified
by differential hydrogen—deuterium exchange (AHDX),
observed via mass spectrometry (MS).? Briefly, AHDX is the
calculated difference between two independent HDX experi-
ments, one performed on a baseline system, such as an
apoenzyme, and one performed with a perturbant, such as a
ligand. Applications of AHDX include antibody—antigen
classification,”” probing the molecular basis of lipid signaling
enzymes’ " and for providing structural insights into these
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spectroscopy and X-ray crystallography. The increasing
importance of the AHDX analysis in drug discovery and
development generates a need for a robust, objective method
that maximizes the information content extracted for down-
stream interpretation.

HDX-MS data, however, is typically measured in segments of
multiple residues, not single residues, resulting in ambiguities
when attempting to interpret HDX at the residue level. The
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measured “D exchange of each peptide is the convoluted signal
from each exchangeable site in the peptide; rapid back-
exchange of side chain sites means that this can be assumed to
be only the backbone amide residues.” In addition, overlapping
peptides will often have different magnitudes of exchange,
exacerbating the problem of assignment of an exchange state at
a single site. The most robust approaches fit a residue-resolved
exchange model to the HDX-MS data sampling a small number
of finite exchange rates using a combinatorial approach.'® This
approach was later improved by constructing a two-stage
sampling method to produce quantitative rate constants.'
Finally, the program HDSite introduces further improvements,
such as adding information from the shape of the MS
envelope.'®

In all cases, the methods take advantage of overlapping
peptides, which result in independent sectors, where a sector is
defined as a linear sequence of residues observed by a unique
set of peptides. Analysis at the sector level, however, introduces
two additional ambiguities. First, determination of a single
hydrogen exchange rate model at an individual residue or
sequence of residues requires combining the data for each
peptide that samples that residue. Second, the expected error at
each site is highly influenced by the number of times it is
sampled, among other intrinsic experimental parameters.
Robust modeling of these data must account for these
ambiguities, as well as potentially include information from
multiple experiments conducted on different instruments under
different conditions.

Here, we describe a Bayesian framework and realistic
exponential kinetic model to extract the maximum information
from HDX-MS experiments by combining all available data and
prior information from any experimental protocol (Figure 1).
First, we develop a scoring function that compares a residue-
resolved exponential model to the exchange of all peptides,
while accounting for and explicitly modeling experimental error
and ambiguities. Second, we develop a sampling scheme and an
analysis pipeline that evaluates and returns an ensemble of good
scoring models (not only the best scoring one), and reports the
estimated value and the standard deviation for the exchange at
each residue position, increasing the spatial resolution of HDX
up to 2-fold. Third, we build on the Bayesian approach to
quantify both the magnitude and significance of AHDX in a
macromolecule due to a perturbation event, such as ligand
binding, point mutation, or change in experimental conditions.

Application to Ligand Binding in Nuclear Receptors.
The nuclear receptor superfamily consists of a broad class of
transcription factors whose functions vary both qualitatively
and quantitatively according to the structure of a bound ligand.
Many members of the nuclear receptor family have highly
flexible ligand binding domains that can adopt and envelope
ligands of various molecular dimensions. In turn, these different
ligands produce varying expression profiles, broadly classified as
agonists (activators), antagonists (competitive inhibitors which
ablate the response to an agonist), inverse agonists (which
produce a negative response), and degraders (which induce
receptor degradation), and these responses have been utilized
to design novel therapeutics.'” The expression profile of a
certain receptor—ligand pair reports on the binding affinity of
the complex to certain areas of DNA and the recruitment of
other coactivators and corepressors that control gene
expression. Thus, modulation of the conformational dynamics
plays a critical role in determining the overall activity of a
ligand. Recently, differential hydrogen exchange has been
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Figure 1. Method flowchart. Experimental: The method uses MS data
that is analyzed by instrument-specific software, such as HDX
Workbench, to produce D incorporation data vs time. The resulting
.csv files or modified .csv files are used as input into the Bayesian
method. Bayesian method: Step 1: Data (information) is gathered,
including the HDX-MS °D incorporation data for both apo and
liganded (or perturbed) states as well an estimate for the error, 6;, and
deuterium saturation level, ¢, and the prior probabilities chosen for
these two parameters (as described in the text). Step 2: The
representation of the system is defined, beginning with the forward
model, which for this implementation is defined by the residue-
resolved exchange rate chosen from a finite grid of values. The noise
model is defined as described in the text. This model defines the
scoring function for each peptide. The Bayesian scoring function is
then constructed by combining the scoring functions for all peptides,
the noise model, and prior probabilities. Step 3: A MC algorithm is
used to sample the landscape of the Bayesian scoring function until a
convergence criteria is passed. From this, a set of the best scoring
models from each state are passed to step 4. Step 4: Analysis, where
the individual experimental data points are compared to the top
scoring models and clustering is performed to identify potential
multistate solutions. Analysis may show that more data need to be
collected (if results are too imprecise) or that certain data points are
inconsistent with the rest of the data. Finally, the AHDX and Z-scores
are calculated between each state and visualized in step 5 via a 1D plot,
and on a 3D structure if available. Also, downstream analysis such as
multiple ligand clustering can be performed.

extensively utilized to probe ligand and other perturbation
interactions in nuclear receptors and other systems.””'' The
specific changes in structure and dynamics that govern these
changes, however, are largely unknown.”® We show the
increased interpretive ability of our method by analyzing data
from two such nuclear receptors.

First, we apply the method to the vitamin D-receptor
(VDR)—25-hydroxy vitamin D3 (25-OH VD3) complex,*
showing that the increased spatial resolution identifies a small
area of deprotection in the critical helix 10 that is absent in
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standard analyses. Second, we analyze the AHDX of the
retinoic acid receptor-gamma (RORy) in complex with three
ligands. We have chosen these ligands because all of them have
also been observed crystallographically in complex with the
target, and thus, we can compare the AHDX results with the
structural information available. Compound T01091317 (PDB:
4nb6) shows inverse agonist activity in contrast to its role as an
agonist for the liver-X receptor”> ** and many other NRs.”>*°
Crystal structures of RORy in complex with T01091317 and
two known agonists, referred to as Genentech (PDB: 4wpf)”’
and GSK (PDB: 4nie),”® show little overall structural
differences in the receptor beyond specific interactions in the
binding site. We demonstrate here that our Bayesian method
resolves differences in the AHDX that provide additional
structural insight at the single residue level.

B METHODS

HDX-MS of Nuclear Receptors. Deuterium incorporation
as a function of time for the apo and liganded states of VDR
were gathered as previously reported,” and data for a 6His-
SUMO-RORy construct was obtained as previously de-
scribed.”” Briefly, HDX was measured at six time points from
10 to 3600 s. Digested and quenched sample was measured in
triplicate at each time point. Peptide identification and
deuterium incorporation was performed in HDX Workbench?’
using the peak centroid difference with respect to unlabeled
peptide and a fully deuterated control sample to quantify the
deuterium incorporation. The data finally reported were
selected by the experimentalist using standard criteria as
generated in the HDX Workbench software. The HDX
Workbench output CSV files for the apo and liganded states
were utilized as the starting point for AHDX analysis (Figure 1,
top).

Bayesian Model of HDX Data. The Bayesian approach™
estimates the probability of a particular model, given all
information about the modeled system, including prior
knowledge on the system, experimental data on the system,
and models of experimental noise. For HDX-MS, the model M
consists of the exchange rate constant for each backbone amide
hydrogen {k;} as well as extra parameters. Using the Bayes
theorem, the posterior probability p(MID, I) of model M, given
data D and prior information I, is defined as

p(MID, I) « p(DIM, I)-p(MII)

The likelihood function p(DIM,I) gives the probability of
observing data D, given M and I The prior p(MII) defines the
probability of model M, given L The data D = {d;;,} is the set
of measured *D incorporation for each time point, t, each
peptide, f, and replicate, n. Peptides that ionize with different
charge states are treated as independent replicates (n). To
relate the model to the data point #, one needs a forward model
f({k;}) that predicts the data point generated from a given set of
modeled amide rate constants {k;} and a noise model, which
reflects our uncertainties about the experimental measurements
and the forward model. The score and the likelihood score are
defined as the negative logarithm of p(DIM, I), p(MII), and
p(DIM, I), respectively.

Forward Model. The forward model (fy,q) calculates the
deuterium uptake (Djf{;’““) of peptide f after exchange time t and
approximated by a unimolecular first-order reaction. It is
expressed as

7 end
DT = By ({k}, ¢) = o0, — ) 9e™)

=1 beg

where ¢ is the deuterium fraction of the exchange buffer; Ny is
the number of observable amides for peptide f, defined as the
total number of residues, minus the number of prolines (which
contain no amide), minus two to account for fast back exchange
in the two N-terminal residues;”” Mipee and ngq are the
beginning and ending residues of peptide f; and 0, is a delta
function whose value is 1 if residue i has an observable amide
and zero otherwise.

Noise Model. The theoretical deuterium incorporation at a
given site is bound to be between 0 and 1, scaled by the fraction
of deuterium in the exchange buffer, ¢; thus, we modeled the
error in the experimental data using a truncated Gaussian,
resulting in the probability of observing a single data point, D%,
for peptide f at time ¢ and replicate n

P(D{% M, o;,, A, B)

e _pyfmody2 o 2
o Drta=Dy™) /207, 1

2m) %0 A-Di7, B— Db,

(2n) " oy, 2[err( Ny ) - er‘( e, )]
where oy, is the point error estimate for peptide f at time point
t. The model, M = ({k;}, ¢), consists of the set of residue-
resolved exchange rates, {k;}, and saturation level, ¢p. A and B
are the bounds of the truncated Gaussian. For this work, the
bounds of the noise model were chosen as A = —0.1¢) and B =
1.2¢ to allow for *D incorporation data that is both negative
and higher than the theoretical number of amides.

Likelihood Function. The likelihood function (P(D¥|

M, {c})) for the entire data set (D*®) is a product of likelihood
functions (P(Dﬁ’g’,lM, af,t))) for each data point, Dji}

N N N
p(D"IM, {c}) = [T [T I] P2 M, o)
f

t n

where the uncertainty oy, scales the probability of generating
the data point d, when the expected data point value is f,(M).
To account for varying levels of noise in the data, every time
point from each peptide has an individual oy,

Prior Information. An uninformative Jeffrey’s prior’ is
applied to each individual hydrogen exchange constant, k;, in
our model to represent a lack of information on the bounds and
distribution of this parameter. A Gaussian prior is chosen for
the deuterium fraction in the exchange buffer,

(4, —f, ()T
P(d"d’o; 64;) = eXP(—T

was chosen as a prior for the uncertainty o,:

). A unimodal distribution

34

20 0y .
p(af,tlao) = ﬁ—:’yz exp(—%), where the expected uncertainty

0, is derived from the standard deviation of D incorporation
from observations at ¢ = 0; the heavy tail of the distribution
allows for outliers.

Sampling. The main computational cost of the method
consists of searching the space of exchange rates for each
residue site. To reduce the complexity of the search, a finite
grid of exchange rates is chosen with the minimum and
maximum values of exchange determined from the range of
experimental time points.
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For small systems (proteins with <30 exchangeable amides),
the number of available exchange states can be enumerated. In
the case of larger systems, sampling is performed by a
Metropolis Monte Carlo (MC) algorithm35 to generate models
of HD exchange rates, {k;}, for each condition and sampled
parameters from the posterior distribution. Each MC move
proposes an increment/decrement step along the grid of
exchange values. The dependence of the experimental
uncertainty parameters, oy, was eliminated by integrating the
likelihood and prior probabilities with respect to aﬁt.%

Two independent sampling instances are initialized, with
each amide exchange rate set to a random value on the
sampling grid. A simulated annealing step is first performed at
high temperature (T), and this MC temperature gradually
decreased for the production run. Periodically, a test for
sampling convergence was performed using a Bernoulli-related
statistic to compare the distribution of clustering results
between the two independent runs.”” Upon satisfaction of
the sampling test, the two independent runs are merged for
subsequent analysis.

Analysis. The best scoring solutions found during sampling
for each target state are clustered according to the exponential
model using a k-means algorithm® as implemented in the
scikit-learn package.”” In the event of multiple significant
clusters, one may consider a multistate model for a specific
target condition, where the observed HDX signal may arise
from a linear combination of two or more dominant states. The
best scoring models for each cluster are then used to
recapitulate the target data using the forward model and report
a y* score for the fit of the model to each individual data point,
which can be used to identify observations that may be
erroneous or warrant further scrutiny.

The mean value ¥ and standard deviation ¢ for the log(k;) of
each site i in the peptide is calculated from the ensemble of best
scoring models for each target state. The AHDX is then
reported as the difference between the mean values of each
state, while the significance can be reported using a two-sample
Z-score

-1/2
[t
Z=(% —x)| ——
N
where N is the number of best scoring models chosen from
each state. Alternatively, the result can be transformed into a
probability, Q, that the HDX observations for the two
conditions are different by integrating along the normal
distribution.

2 rz .
Q(Z):E«/O e " dx

In cases where the modeled exchange rate for one or more of
the states is outside the experimental design (either too fast or
too slow to be observed on the experimental time scale), a flag
is noted in the output to represent the uncertainty in the
reported exchange rates of the resulting ambiguity in the
modeled exchange rate is noted with a flag in the output.

Visualization of Results. The AHDX model is plotted as a
colorbar with hue representing the mean difference between
the two populations (red as protection, white as no difference,
and blue as deprotection) and color saturation representing one
of the two confidence metrics.

The information can also be mapped onto a 3D structure,
reporting the mean AHDX in the B-factor column of a PDB file

(transformed into a color gradient for each residue). The
confidence, Q, is reported in the occupancy column using the
formula 0.5 + 1.5Q, which can be visualized as the Ca radius.

Nuclear Receptor Test Cases. HDX-MS data for VDR
and RORy were modeled using a grid of 20 exchange rates
spanning the range of log(k,,) from 0 to —6, to span the range
of experimental time points. All simulations of VDR and RORy
were found to equilibrate following 250 MC steps at T = 10,
followed by 50 steps each at T = 4, 3, 2, and 1 and a production
run of 5000 steps at T = 1. The time to complete each apo-
ligand AHDX data set was 2—4 h on two 2.2 GHz processors
(one for each independent run). From the combined ensemble
of 10000 models, the 1000 best scoring models for each
condition were used to calculate the mean and standard
deviation of the log(k,,) at each sector.

Comparison to Delta Percent Deuterium Method. As a
comparison, we compare our results to those generated by the
delta percent deuterium method (A%’D), as implemented in
HDX Workbench.” Briefly, for a set of HDX-MS data, the
average percent “D (%’D) incorporation for a peptide over all
time points is calculated. The A%’D for the peptide is
calculated by subtracting the apo %D from the perturbed (in
our case, ligand bound) state %°D. To produce a single value at
each residue, the maximum A%>D among all peptides sampling
that site is reported. A similar analysis was performed using the
average A%’D and minimum A%’D among all peptides, which
both give slightly different quantitative results, while not
changing our conclusions.

lllustration of Joint Likelihood. Data from a peptide with
six observable and exchangeable amides was simulated with two
amides of rate k,, = 107" s7!, three with k., = 1072 s™", and one
amide with rate k., = 10™* s7' (Figure 2), assuming a °D
saturation, ¢, of 1.0. The expected *D incorporation at time =
10, 30, 90, 300, 900, and 2000 s was calculated and three
observations at each time point created by adding 5% Gaussian
noise. To fit the simulated data, an exchange grid of log(k.,) =
[—1, =2, —3, —4] was used and three models created, [0, 0, 0,
6], representing a peptide with six amides exchanging at 107*
s7! and similarly [0, 3, 3, 0] and [2, 3, 0, 1], the latter being the
exchange rates used to create the simulated data. For each
model, the Bayesian scoring function was applied and the log
likelihood at each time point calculated. The total score of each
model to the simulated data is the sum of the score for all time
points.

B RESULTS AND DISCUSSION

Developed is a robust method to convert hydrogen/deuterium
exchange data, measured by mass spectrometry on overlapping
peptides into a residue-resolved model that accounts for data
and method uncertainties. Four key points emerge from this
work. First, the successful application of a Bayesian method
allows for robust statistical consideration of many aspects of the
input data. Second, the method increases the information
content of the data interpretation by improving the accuracy
and spatial resolution of the resulting models. Third, the
coalescence of heterogeneous, differentially sampled data,
potentially from multiple experiments into a single residue-
resolved model allows for easier downstream comparison and
clustering of results among high-throughput screening results of
multiple ligands, variants, or experimental conditions. Fourth,
the method reports quantitative exchange rate constants, as
log(k.,), at each site, which are expected to be linearly related
to the free energy of activation of the exchange event. These
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Figure 2. Illustration of joint likelihood. (A) Schematic of a system
consisting of a single MS peptide (brown) covering six observable
amides (blue) and the model consisting of a grid where k,, is chosen
from the set of unimolecular rate constants (in s~' units). (B) Three
prospective exchange models are scored against simulated data for the
model peptide using the scoring function. The noise parameter, o, is
set as 5% of the mean of the simulated experimental data. The purple
model, containing two amides exchanging at 1071/s, three at 107%/s,
and one at 107*/s, provides the best fit for all of the data, resulting in
the lowest combined score. (C) Plot of simulated data for the model
peptide (brown points) consisting of three replicates at six time points
plotted along with three exchange models for the simulated system.
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Figure 3. Analysis of AHDX data from the VDR-25-OH VD3
complex. (A) Comparison of AHDX plots for 25-OH VD3 with VDR
using A%D (top) and Bayesian (bottom) analysis methods. A%”D is
colored by % protection, with blue representing 100% protection, red
representing 100% deprotection, green signifying no difference, and
white indicating no data. The magnitude of Bayesian AHDX is
represented with blue indicating Alog(k,) > 2.0, red indicating
Alog(k,,) > —2.0, and green indicating no change. The significance of
the difference is represented by the color saturation with full color
applied for Q = 1 (Z > 3.0) and zero saturation (white) for Q =0 (Z =
0). (B) AHDX mapped on the crystal structure trace of VDR (PDB
IDB1) for the A%’D method (top) and the Bayesian method
(bottom). Thin black lines represent no HDX-MS data. 25-OH VD3 is
shown in orange. (C) Close-up of the helix 10 interaction with VDR,
with the peptide colored by AHDX analyzed by the A%’D (left) and
Bayesian methods (right). The Bayesian method shows slight
deprotection in the N-terminal side of helix 10, which is absent in
the A%’D method.

values are then comparable with results obtained from other
conditions or other methods that report on dynamic behavior.

Bayesian Method Resolves 25-OH VD3 Stabilization
of Helix 10 in VDR. The HDX-MS data on VDR with and
without 25-OH VD3 each contained 36 peptides, which,
analyzed by the A%’D method, results in a model of 26
independent observations, while the Bayesian method reports
4S independent sectors of sequence, resulting in a 73% increase
in spatial resolution (Figure 3A). The reported AHDX of the
two methods are qualitatively similar, with 25-OH VD3 found
to confer large degrees of protection throughout the area close
to the binding pocket and most significantly in the ligand
binding helix 3 (Figure 3B).

Both the Bayesian and A%’D methods show protection in
helix 10; however, A%’D indicates a similar degree of
protection along the entire helix, while the Bayesian method
reports finer details (Table 1). First, only the C-terminal side of
the helix (residues 393—403) is highly protected upon binding
25-OH VD3, with a Alog(k,) value of —1.98 and high
significance. The high average exchange rate for the apo
condition, log(k.,) = —0.87, which is close to the average
random coil rate of this region, log(k.,) = —0.24, in this region
suggests intrinsic disorder in the absence of ligand and order
upon ligand binding, which is fully consistent with the crystal
structure that shows a hydrogen bond between 25-OH VD3
and H397 (Figure 3C).

The N-terminal side of the helix, however, shows more subtle
changes in AHDX upon ligand binding using the Bayesian
analysis than by A%’D, with residues 386—390 having a slight
degree of deprotection. The slow rate of hydrogen exchange in
the apo state (log(k,) = —4.15) suggests that secondary

Table 1. A%’D vs Bayesian log(k) for VDR Helix 10

Bayesian
Res A%’D Alog(k) VA Apo log(k)
K386 -359 0.52 2.8 —4.16
L387 -35.9 0.52 2.8 —4.16
A388 -359 0.52 2.8 —4.16
D389 —-35.9 0.52 2.8 —4.16
L390 —49.8 -0.03 0.1 =5.02
R391 —57.3 —-0.47 0.8 -0.39
$392 —=57.3 0.09 0.2 —0.67
L393 -57.3 —1.98 213 —0.87
E394 =573 —-1.98 21.3 —0.87
E395 —-57.3 —1.98 213 —0.87
H396 =573 —1.98 21.3 —0.87

structure is present in both the bound and unbound conditions.
The observed fast exchange in the Bayesian model of R391 and
$392 in both the apo and liganded states indicates a potential
break in the helix that is not observed in the crystal structure.
R391C and R391S are familial mutations that block the
heterodimerization of VDR to the retinoic X receptor that is
required to activate vitamin-D response elements.*”*" The
mutations do not affect 25-OH VD3 binding, which is
consistent with the small AHDX effects in this area observed
with the Bayesian analysis but not with the larger effects
reported by the A%*D method.

Identification of Potential Single Residue Determi-
nants of Ligand Activity in RORy. The HDX-MS data sets
for RORy in complex with the three ligands (T0901317,
Genentech, and GSK) show greater interpretive power when
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Figure 4. AHDX of ligands of RORy. (A) AHDX of agonists GSK and Genentech and inverse agonist T0901315 with respect to RORg as analyzed
by the A%’D method (top) and Bayesian method (bottom). Areas of major difference between the two classes of compounds are seen in residues
276—287 (orange box), 365—373 (yellow box), and 399—410 (pink box). (B) Visualization of the three ligands bound to RORg, T0901315 (green,
PDB: 4NB6), GSK (red, PDB: 4NIE), and Genentech (blue, PDB: 4WPF) on the structure of RORy (from PDB 4NIE). Areas of peptide with
major AHDX differences highlighted in part A are colored. (C) Close-up of orange and yellow areas and the side chain interactions with the ligand
binding site, showing the difference in interactions in this area between T0901315 (green) and the two agonists. (D) Close-up of the pink region in
helix 7 with the side chain of F403 in magenta showing its positioning just outside the ligand binding site at the junction of helices 5 and 10.

analyzed by the Bayesian method over A%’D (Figure 4A).
Major differences between the two classes of compounds, the
inverse agonist T0901317 (bottom rows in Figure 4A) and the
Genentech and GSK agonists (top two rows in Figure 4A), are
seen throughout the LBD using both methods. In particular,
differences between the two classes are observed at residues
276—287 at the C-terminus of helix 1 (orange box), residues
365—373 in helix 5 (yellow box), and residues 399—410 in helix
7 (pink box). Each of these regions, predictably, map to helices
that flank the ligand-binding site (Figure 4B).

The Bayesian method reveals several residue-resolution
features hidden in the peptide-resolution MS data that are
not observed in the A%°D method. First, in helices 1 and 5, the
inverse agonist shows significant deprotection, while the
agonists confer significant protection to these regions. The
smaller aliphatic tail of T0901317 (Figure 4C, green) does not
interact with the side chains of HI, unlike the two agonists
(Figure 4C, blue and purple). The fast exchange for 1287
(~100% exchange by the first time point) in the apo state
predicted by the Bayesian model implicates that this loop is
disordered. The Bayesian AHDX model of both of the agonists
shows a significant difference but not for the inverse agonist,
implicating that a discriminant between the two types of ligands
may be a stabilization of this disordered loop.

Second, the Bayesian method reveals that F403 in helix 7
shows a large and significant protection effect (Alog(k,,) =
—0.73) with the inverse agonist, while the two agonists show
10-fold smaller effects at low significance, in contrast to the rest
of helix 7, where the two agonists have significant protection
throughout and T0901317 has little effect. This model is

consistent with the crystal structure, which shows that F403 is
centrally positioned at the interface of helix 7 and helices 5 and
10 (Figure 4D). This leads to the hypothesis that this residue
may be critical for the propagation of dynamics that affect
corepressor/coactivator binding and that AHDX in this region
could be a predictor of ligand activity.

Downstream Applications in SAR. The ability to resolve
individual exchange factors allows comparing quantitative
HDX-MS measurements of numerous ligands to a single
target, and thus facilitates their use in screening compounds
with higher spatial resolution than traditional HDX-MS
methodology. As exhibited in the RORy example, and in
other work,”” HDX-MS can be used as a footprinting method
to predict ligand activity in nuclear receptors. A distance metric
can be calculated among numerous ligands utilizing the
calculated ensembles of log(k,) at each residue. The
consolidation of peptide data by the Bayesian method allows
for clustering among different AHDX experiments regardless of
peptide coverage. Additionally, principal component analysis
could be performed to identify portions of sequence and
structure that vary in AHDX in response to certain changes in
ligand chemistry.

Extension to Structural Interpretation of HDX. Various
methods have been proposed to predict hydrogen exchange
rates from three-dimensional structure.**~* These methods
exclusively use the residue-resolved rates determined via NMR
to correlate local structural features with observed HDX. The
consolidation of overlapping peptide data into residue-resolved
rates allows for HDX-MS data to improve this type of structural
characterization, both by increasing the amount of data
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available to train potential models and expanding the
application of the structural models to those systems only
approachable by HDX-MS.

Model Limitations and Other Considerations. The
method was developed making a number of approximations
and assumptions, which limit its application to specific, yet very
common, conditions. First, the forward model maps the
residue-resolved exchange model to HDX-MS data that has
been processed into D incorporation values based on peptide
centroid differences. The entire MS peak envelope, however,
contains information about the ensemble of exchange rates in
the peptide,"® which can be leveraged by explicitly modeling the
peak envelope. The modularity of the Bayesian approach,
however, allows for fairly straightforward modification of the
forward and noise models to predict MS peak envelopes from a
model of residue-resolved HDX rates, or incorporate other
information obtained from current and future innovations in
experimental protocols.

Our model makes a number of assumptions about the nature
of HDX-MS, in addition to the prior probabilities described
above. First, it is assumed that observed exchange events occur
in the EX2 regime,1 where the exchange reaction is the rate-
limiting step, resulting in a single unimolecular rate constant, as
described in the forward model. Second, we assume fast back
exchange for both side chain labile protons,'” and the two N-
terminal amides in each peptide,”” resulting in quantification of
backbone amide sites from only residue three onward in each
peptide. Back exchange of amide hydrogens is not considered,
as test cases in this work are scaled using fully deuterated
controls. In the absence of this information, however, reported
AHDX values will be slightly lower, due to the loss of *D at a
rate proportional to the total incorporation. Third, we assume
the rates of hydrogen and deuterium exchange on a free amide
site are identical. In practice, equilibrium fractionation experi-
ments have shown up to a 2-fold difference in these rates.*
Because of the paucity of equilibrium exchange data, it is
difficult to correct for this effect. Because the methods for
observing equilibrium exchange are nearly identical to the HDX
method, a single experiment that observes both effects is
feasible and could potentially lead to a significantly more
informative exchange model. Modifying any of these
assumptions in practice can likely be achieved by straightfor-
ward changes to the forward model.

The most robust analysis methods are limited by the amount
and quality of the input data. The subtle AHDX effects
observed in the nuclear receptors utilized a data-rich
experimental protocol containing multiple time points observed
in triplicate. Fewer time points and single replicates will result
in less precise estimates of the exchange constant at each site,
blurring small differences. Thus, in the case of imprecise results,
increasing the number of replicates and/or time points may
improve the interpretability of the data.

Traditionally, HDX-MS has been used to qualitatively assess
the flexibility in certain areas of the protein and the ligand- or
variant-induced perturbation of this flexibility via AHDX-MS.
The application of the method to data for VDR and RORy
shows that HDX-MS can be utilized to provide residue-resolved
interpretation where information content is sufficient. In cases
where information is not sufficient, our reporting of a wide
distribution of potential HDX rates, rather than just the mean,
cautions against overinterpretation. The experimentalist can
then potentially target these poorly resolved areas to increase

information content by increased peptidation, number of
replicates, or number of time points.

The time scale of measurement also induces ambiguity in
AHDX analysis. Hydrogens with an exchange rate of 107" or
faster will be >99% exchanged within 10 s. Thus, sites in a
system where both the initial and perturbed exchange events
are faster than 107°* cannot be resolved if the first time point
is 10 s or slower. The same is true for very slow exchange
events. For both instances, rather than report a AHDX of zero
or close to zero, we report that the difference cannot be
resolved because the events are outside of the experimental
time scale. If these scenarios occur in important areas of the
system, this information informs the user that additional time
points or a change in conditions may allow these areas to be
resolved.

Availability of Software. The software is distributed as
part of the open source Integrative Modeling Platform, available
at www.github.com/salilab/imp, and as a standalone library,
available at www.github.com/salilab/hdx. Additionally, the
method is incorporated as a postprocessing technique using
HDX Workbench. A Web server is currently in construction
and will be hosted at www.salilab.org.

The analysis scripts and data used for this work are
downloadable at www.github.com/salilab/bayesian _dhdx.

B CONCLUSIONS

We have developed a Bayesian method to interpret HDX-MS
and specifically AHDX-MS. The method provides a robust
interpretation of “D incorporation data by explicitly accounting
for noise and using residue-resolved exchange rates to
simultaneously fit data collected at multiple time points from
all overlapping peptides and multiple replicates. The method is
a significant improvement over deterministic techniques. The
probability distribution of exchange rates inferred for each
residue is used to assign the statistical significance of the
deviations observed in AHDX experiments. The more accurate
and precise exchange rate estimates, together with a better
estimate of their uncertainty, have a potential impact on
downstream analysis in SAR and structural modeling.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acs.jpcb.6b09358.
HDWorkbench raw data files utilized in the nuclear

receptor systems presented in this work provided in an
Excel workbook (XLSX)

B AUTHOR INFORMATION

Corresponding Author

*Address: UCSF MC 2552, Byers Hall at Mission Bay, Suite
503B, University of California, San Francisco, 1700 4th Street,
San Francisco, CA 94158, USA. Phone: +1 415 514 4227. Fax:
+1 415 514 4231. E-mail: sali@salilab.org.

Author Contributions

The manuscript was written through the combination of all
authors. All authors have given approval to this final version of
the manuscript.

Notes

The authors declare no competing financial interest.

DOI: 10.1021/acs.jpch.6b09358
J. Phys. Chem. B XXXX, XXX, XXX—XXX


http://www.github.com/salilab/imp
http://www.github.com/salilab/hdx
http://www.salilab.org
http://www.github.com/salilab/bayesian_dhdx
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.jpcb.6b09358
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b09358/suppl_file/jp6b09358_si_001.xlsx
mailto:sali@salilab.org
http://dx.doi.org/10.1021/acs.jpcb.6b09358

The Journal of Physical Chemistry B

B ACKNOWLEDGMENTS

We thank Ben Webb for assistance in development and
maintenance of the software and Web server. The IMP software
development was funded in part by NIH grants to A.S,
including P41 GM109824, R01 GMO083960, and POl
AG002132.

B REFERENCES

(1) Hvidt, A,; Nielsen, S. O. Hydrogen Exchange in Proteins. Adv.
Protein Chem. 1966, 21, 287—386.

(2) Englander, S. W.; Kallenbach, N. R. Hydrogen Exchange and
Structural Dynamics of Proteins and Nucleic Acids. Q. Rev. Biophys.
1983, 16 (4), 521—655.

(3) Pirrone, G. F,; Iacob, R. E; Engen, J. R. Applications of
Hydrogen/Deuterium Exchange MS from 2012 to 2014. Anal. Chem.
2015, 87 (1), 99—118.

(4) Houde, D.; Arndt, J.; Domeier, W.; Berkowitz, S.; Engen, J. R.
Characterization of IgG1 Conformation and Conformational Dynam-
ics by Hydrogen/Deuterium Exchange Mass Spectrometry. Anal.
Chem. 2009, 81 (7), 2644—2651.

(5) Houde, D.; Peng, Y.; Berkowitz, S. A; Engen, J. R. Post-
Translational Modifications Differentially Affect IgG1 Conformation
and Receptor Binding. Mol. Cell. Proteomics 2010, 9 (8), 1716—1728.

(6) Chalmers, M. J.; Busby, S. A.; Pascal, B. D.; West, G. M.; Griffin,
P. R. Differential hydrogen/deuterium exchange mass spectrometry
analysis of protein—ligand interactions. Expert Rev. Proteomics 2011, 8,
43.

(7) Hughes, T. S; Chalmers, M. J.; Novick, S.; Kuruvilla, D. S,;
Chang, M. R,; Kamenecka, T. M.; Rance, M.; Johnson, B. A.; Burris, T.
P; Griffin, P. R; et al. Ligand and Receptor Dynamics Contribute to
the Mechanism of Graded PPARy Agonism. Structure 2012, 20 (1),
139-150.

(8) West, G. M,; Chien, E. Y. T,; Katritch, V.; Gatchalian, J;
Chalmers, M. J; Stevens, R. C.; Griffin, P. R. Ligand-Dependent
Perturbation of the Conformational Ensemble for the GPCR f2
Adrenergic Receptor Revealed by HDX. Structure 2011, 19 (10),
1424—1432.

(9) Zhang, X; Chien, E. Y,; Chalmers, M. J; Pascal, B. D;
Gatchalian, J.; Stevens, R. C.; Griffin, P. R. Dynamics of the f2-
Adrenergic G-Protein Coupled Receptor Revealed by Hydrogen-
Deuterium Exchange. Anal. Chem. 2010, 82 (3), 1100—1108.

(10) Zhang, J.; Chalmers, M. J.; Stayrook, K. R;; Burris, L. L.; Garcia-
Ordonez, R. D.; Pascal, B. D.; Burris, T. P.; Dodge, J. A.; Griffin, P. R.
Hydrogen/Deuterium Exchange Reveals Distinct Agonist/Partial
Agonist Receptor Dynamics within Vitamin D Receptor/Retinoid X
Receptor Heterodimer. Structure 2010, 18 (10), 1332—1341.

(11) Hamuro, Y.; Coales, S. J.; Morrow, J. A.,; Molnar, K. S.; Tuske, S.
J.; Southern, M. R;; Griffin, P. R. Hydrogen/Deuterium-Exchange (H/
D-Ex) of PPARy LBD in the Presence of Various Modulators. Protein
Sci. 2006, 15 (8), 1883—1892.

(12) Hughes, T. S.; Chalmers, M. J.; Novick, S.; Kuruvilla, D. S,;
Chang, M. R.; Kamenecka, T. M.; Rance, M.; Johnson, B. A.; Burris, T.
P.; Griffin, P. R;; et al. Ligand and Receptor Dynamics Contribute to
the Mechanism of Graded PPARy Agonism. Structure 2012, 20 (1),
139—-150.

(13) Ling, J. M. L, Silva, L,; Schriemer, D. C.; Schryvers, A. B.
Hydrogen—Deuterium Exchange Coupled to Mass Spectrometry to
Investigate Ligand—Receptor Interactions. In Neisseria meningitidis;
Christodoulides, M., Ed.; Humana Press: Totowa, NJ, 2012; Vol. 799,
pp 237-252.

(14) Engen, J. R; Gmeiner, W. H,; Smithgall, T. E; Smith, D. L.
Hydrogen Exchange Shows Peptide Binding Stabilizes Motions in Hck
SH2 . Biochemistry 1999, 38 (28), 8926—8935.

(15) Zhang, Z.; Smith, D. L. Determination of Amide Hydrogen
Exchange by Mass Spectrometry: A New Tool for Protein Structure
Elucidation. Protein Sci. 1993, 2 (4), 522—531.

(16) Althaus, E.; Canzar, S.; Ehrler, C.; Emmett, M. R;; Karrenbauer,
A.; Marshall, A. G; Meyer-Bise, A; Tipton, J. D,; Zhang, H.-M.

Computing H/D-Exchange Rates of Single Residues from Data of
Proteolytic Fragments. BMC Bioinf. 2010, 11 (1), 424.

(17) Fajer, P. G.; Bou-Assaf, G. M;; Marshall, A. G. Improved
Sequence Resolution by Global Analysis of Overlapped Peptides in
Hydrogen/Deuterium Exchange Mass Spectrometry. J. Am. Soc. Mass
Spectrom. 2012, 23 (7), 1202—1208.

(18) Kan, Z.-Y.; Walters, B. T.; Mayne, L.; Englander, S. W. Protein
Hydrogen Exchange at Residue Resolution by Proteolytic Fragmenta-
tion Mass Spectrometry Analysis. Proc. Natl. Acad. Sci. U. S. A. 2013,
110 (41), 16438—16443.

(19) McDonnell, D. P.; Wardell, S. E. The Molecular Mechanisms
Underlying the Pharmacological Actions of ER Modulators:
Implications for New Drug Discovery in Breast Cancer. Curr. Opin.
Pharmacol. 2010, 10 (6), 620—628.

(20) Kamenecka, T. M; Lyda, B; Chang, M. R; Griffin, P. R.
Synthetic Modulators of the Retinoic Acid Receptor-Related Orphan
Receptors. MedChemComm 2013, 4 (5), 764.

(21) Cummins, D. J.; Espada, A.; Novick, S. J.; Molina-Martin, M.;
Stites, R. E.; Espinosa, J. F.,; Broughton, H.; Goswami, D.; Pascal, B.
D.; Dodge, J. A; et al. Two-Site Evaluation of the Repeatability and
Precision of an Automated Dual-Column Hydrogen/Deuterium
Exchange Mass Spectrometry Platform. Anal. Chem. 2016, 88 (12),
6607—6614.

(22) Fauber, B. P.; de Leon Boenig, G.; Burton, B.; Eidenschenk, C.;
Everett, C.; Gobbi, A,; Hymowitz, S. G.; Johnson, A. R.; Liimatta, M,;
Lockey, P.; et al. Structure-Based Design of Substituted Hexafluor-
oisopropanol-Arylsulfonamides as Modulators of RORc. Bioorg. Med.
Chem. Lett. 2013, 23 (24), 6604—6609.

(23) Schultz, J. R. Role of LXRs in Control of Lipogenesis. Genes Dev.
2000, 14 (22), 2831—2838.

(24) Kumar, N.; Solt, L. A;; Conkright, J. J.; Wang, Y.; Istrate, M. A;
Busby, S. A; Garcia-Ordonez, R. D.; Burris, T. P.; Griffin, P. R. The
Benzenesulfoamide T0901317 [N-(2,2,2-Trifluoroethyl)-N-[4-[2,2,2-
Trifluoro-1-Hydroxy-1-(Trifluoromethyl)ethyl]phenyl]-Benzenesulfo-
namide] Is a Novel Retinoic Acid Receptor-Related Orphan
Receptor-/Inverse Agonist. Mol. Pharmacol. 2010, 77 (2), 228—236.

(25) Houck, K. A;; Borchert, K. M.; Hepler, C. D.; Thomas, J. S;
Bramlett, K. S.; Michael, L. F.; Burris, T. P. T0901317 Is a Dual LXR/
FXR Agonist. Mol. Genet. Metab. 2004, 83 (1—2), 184—187.

(26) Mitro, N.; Vargas, L.; Romeo, R.; Koder, A.; Saez, E. T0901317
Is a Potent PXR Ligand: Implications for the Biology Ascribed to LXR.
FEBS Lett. 2007, 581 (9), 1721—1726.

(27) René, O.; Fauber, B. P; Boenig, G; de, L; Burton, B;
Eidenschenk, C.; Everett, C.; Gobbi, A.,; Hymowitz, S. G.; Johnson, A.
R; Kiefer, J. R; et al. Minor Structural Change to Tertiary
Sulfonamide RORc Ligands Led to Opposite Mechanisms of Action.
ACS Med. Chem. Lett. 2015, 6 (3), 276—281.

(28) Yang, T.; Liu, Q; Cheng, Y.; Cai, W.; Ma, Y.; Yang, L.; Wu, Q;
Orband-Miller, L. A.;; Zhou, L.; Xiang, Z.; et al. Discovery of Tertiary
Amine and Indole Derivatives as Potent RORyt Inverse Agonists. ACS
Med. Chem. Lett. 2014, 5 (1), 65—68.

(29) Chang, M. R;; Dharmarajan, V.; Doebelin, C.; Garcia-Ordonez,
R. D.; Novick, S. J.; Kuruvilla, D. S.; Kamenecka, T. M.; Griffin, P. R.
Synthetic RORyt Agonists Enhance Protective Immunity. ACS Chem.
Biol. 2016, 11 (4), 1012—1018.

(30) Pascal, B. D.; Willis, S.; Lauer, J. L.; Landgraf, R. R.; West, G.
M.,; Marciano, D.; Novick, S.; Goswami, D.; Chalmers, M. J.; Griffin, P.
R. HDX Workbench: Software for the Analysis of H/D Exchange MS
Data. J. Am. Soc. Mass Spectrom. 2012, 23 (9), 1512—1521.

(31) Habeck, M.; Nilges, M.; Rieping, W. Bayesian Inference Applied
to Macromolecular Structure Determination. Phys. Rev. E Stat. Nonlin.
Soft Matter Phys. 2005, 72 (3), 31912.

(32) Walters, B. T.; Ricciuti, A; Mayne, L; Englander, S. W.
Minimizing Back Exchange in the Hydrogen Exchange-Mass
Spectrometry Experiment. J. Am. Soc. Mass Spectrom. 2012, 23 (12),
2132-21309.

(33) Jeffreys, H. An Invariant Form for the Prior Probability in
Estimation Problems. Proc. R. Soc. London, Ser. A 1946, 186 (1007),
453—461.

DOI: 10.1021/acs.jpch.6b09358
J. Phys. Chem. B XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jpcb.6b09358

The Journal of Physical Chemistry B

(34) Sivia, D. S.; Skilling, J. Data Analysis: A Bayesian Tutorial; [for
Scientists and Engineers], 2nd ed., reprinted; Oxford University Press:
Oxford, UK, 2010.

(35) Metropolis, N.; Rosenbluth, A. W.; Rosenbluth, M. N.; Teller,
A. H,; Teller, E. Equation of State Calculations by Fast Computing
Machines. J. Chem. Phys. 1953, 21 (6), 1087—1092.

(36) Bonomi, M.; Muller, E. G.; Pellarin, R; Kim, S. J.; Russel, D.;
Ramsden, R.; Sundin, B. A.; Davis, T. A,; Sali, A. Determining Protein
Complex Structures Based on a Bayesian Model of in Vivo FRET Data.
Mol. Cell. Proteomics 2014, 13, 2812—2823.

(37) McDonald, J. H. Handbook of Biological Statistics, 3rd ed.; Sparky
House Publishing: Baltimore, MD, 2014.

(38) Hartigan, J. A;; Wong, M. A. Algorithm AS 136: A K-Means
Clustering Algorithm. Appl. Stat. 1979, 28 (1), 100.

(39) Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion,
B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.; Dubourg, V.
Scikit-Learn: Machine Learning in Python. J. Mach. Learn. Res. 2011,
12, 2825—2830.

(40) Whitfield, G. K.; Selznick, S. H.; Haussler, C. A.; Hsieh, J. C.;
Galligan, M. A,; Jurutka, P. W.; Thompson, P. D.; Lee, S. M.; Zerwekh,
J. E; Haussler, M. R. Vitamin D Receptors from Patients with
Resistance to 1,25-Dihydroxyvitamin D3: Point Mutations Confer
Reduced Transactivation in Response to Ligand and Impaired
Interaction with the Retinoid X Receptor Heterodimeric Partner.
Mol. Endocrinol. 1996, 10 (12), 1617—1631.

(41) Malloy, P. J.; Tasic, V.; Taha, D; Tiitiinciiler, F.; Ying, G. S.;
Yin, L. K; Wang, J; Feldman, D. Vitamin D Receptor Mutations in
Patients with Hereditary 1,25-Dihydroxyvitamin D-Resistant Rickets.
Mol. Genet. Metab. 2014, 111 (1), 33—40.

(42) Dai, S.Y.; Chalmers, M. J.; Bruning, J.; Bramlett, K. S.; Osborne,
H. E.; Montrose-Rafizadeh, C; Barr, R. J.; Wang, Y.; Wang, M.; Burris,
T. P; et al. Prediction of the Tissue-Specificity of Selective Estrogen
Receptor Modulators by Using a Single Biochemical Method. Proc.
Natl. Acad. Sci. U. S. A. 2008, 105 (20), 7171-7176.

(43) Best, R. B; Vendruscolo, M. Structural Interpretation of
Hydrogen Exchange Protection Factors in Proteins: Characterization
of the Native State Fluctuations of CI2. Structure 2006, 14 (1), 97—
106.

(44) Lobanov, M. Y,; Suvorina, M. Y.; Dovidchenko, N. V,;
Sokolovskiy, I. V.; Surin, A. K; Galzitskaya, O. V. A Novel Web
Server Predicts Amino Acid Residue Protection against Hydrogen-
Deuterium Exchange. Bioinformatics 2013, 29, 1375—1381.

(45) Craig, P. O.; Litzer, J.; Weinkam, P.; Hoffman, R. M. B;
Ferreiro, D. U.; Komives, E. A,; Wolynes, P. G. Prediction of Native-
State Hydrogen Exchange from Perfectly Funneled Energy Land-
scapes. J. Am. Chem. Soc. 2011, 133 (43), 17463—17472.

(46) Bowers, P. M.; Klevit, R. E. Hydrogen Bond Geometry and > H/
! H Fractionation in Proteins. J. Am. Chem. Soc. 2000, 122 (6), 1030—
1033.

DOI: 10.1021/acs.jpch.6b09358
J. Phys. Chem. B XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.jpcb.6b09358

